Abstract Hydrocolloids are widely used in many food formulations to improve quality attributes and shelf-life. The two main uses are as thickening and gelling agents. As thickening agents, they find uses in soups, gravies, salad dressings, sauces and toppings while as gelling agents, they are extensively used in products like jam, jelly, marmalade, restructured foods and low sugar/calorie gels. The role of specific hydrocolloids for thickening and for gel formation is reviewed pinpointing specific applications in food formulations and for product development.
Introduction
Hydrocolloids are a heterogeneous group of long chain polymers (polysaccharides and proteins) characterised by their property of forming viscous dispersions and/or gels when dispersed in water. Presence of a large number of hydroxyl (-OH) groups markedly increases their affinity for binding water molecules rendering them hydrophilic compounds. Further, they produce a dispersion, which is intermediate between a true solution and a suspension, and exhibits the properties of a colloid. Considering these two properties, they are aptly termed as 'hydrophilic colloids' or 'hydrocolloids'.
The foremost reason behind the ample use of hydrocolloids in foods is their ability to modify the rheology of food system. This includes two basic properties of food system namely, flow behaviour (viscosity) and mechanical solid property (texture). The modification of texture and/or viscosity of food system helps to modify its sensory properties, and hence, hydrocolloids are used as important food additives to perform specific purposes. It is obvious that several hydrocolloids belong to the category of permitted food additive in many countries throughout the world. Various food formulations like soups, gravies, salad dressings, sauces and toppings use hydrocolloids as additives to attain the desired viscosity and mouth feel. They are also used in many food products like ice-cremes, jams, jellies, gelled desserts, cakes and candies, to create the desired texture. Considering their role in the adjustment of viscosity and texture of food formulations, several studies have been conducted in various food systems employing different hydrocolloids either singly or in combination.
Hydrocolloids have a wide array of functional properties in foods. These include thickening, gelling, emulsifying, stabilisation, and controlling the crystal growth of ice and sugar though the basic properties for which hydrocolloids find extensive use are thickening and gelling. Hydrocolloids disperse in water to give a thickening or viscosity producing effect. This waterthickening property is common to all hydrocolloids and is the prime reason for their overall use. The extent of thickening varies with the type and nature of hydrocolloids, with a few giving low viscosities at a fairly high concentration but most of them giving high viscosities at concentration, below 1% (Glicksman 1982) .
While all hydrocolloids thicken and impart stickiness to aqueous dispersions, a few biopolymers also have another major property of being able to form gels. Gel formation is the phenomenon involving the association or cross-linking of the polymer chains to form a three dimensional network that traps or immobilises the water within it to form a rigid structure that is resistant to flow. In other words, it becomes viscoelastic exhibiting both characteristics of a liquid and a solid. The textural properties (e.g., elastic or brittle, long or spreadable, chewy or creamy) of a gel vary widely with the type of hydrocolloid used. The other sensory properties such as opacity, mouth feel and taste also depend on the hydrocolloid employed. Hydrocolloids that are commonly used as thickening are starch, xanthan, guar gum, locust bean gum, gum karaya, gum tragacanth, gum Arabic and cellulose derivatives. The gelling type hydrocolloids are alginate, pectin, carrageenan, gelatin, gellan and agar.
Thickening agents
Hydrocolloids are frequently used in several foods for thickening. The process of thickening involves the nonspecific entanglement of conformationally disordered polymer chains; it is essentially a polymer-solvent interaction (Philips et al. 1986 ). Thickening occurs above a critical concentration known as overlap concentration (C*). Below this, the polymer dispersions exhibit Newtonian behaviour but show a non-Newtonian behaviour above this concentration . Hydrocolloids that have been used as thickening agents (Table 1) in various food systems include starch, modified starch, xanthan, galactomannans like guar gum and locust bean gum (LBG), gum Arabic or acacia gum, gum karaya, gum tragacanth and carboxymethyl cellulose (CMC). The thickening effect produced by the hydrocolloids depends on the type of hydrocolloid used, its concentration, the food system in which it is used and also the pH of the food system and temperature.
Starch is the most commonly used hydrocolloid thickener, the reason being it is relatively cheap, abundant and possibly it does not impart any noticeable taste if used at a low concentration of 2 to 5%. Further, as starch is a common ingredient of many foods we encounter, addition of starch does not offer any foreign taste which may be true for different gums. It is mainly the hydrocolloid providing a base texture in soups and sauces. Thickening of sweet and sour sauces with various polysaccharide combinations like potato starch-xanthan gum and oat starch-xanthan gum has been studied. The evaluation of the thickener performance is considered on the basis of its effect upon sensory properties and rheology. Oat starch-xanthan gum combination has better thickening property compared to potato starch-xanthan gum combination as evaluated from their energy of thixotropy. Both potato starch and xanthan are anionic polysaccharides and hence are thermodynamically incompatible for efficient intermolecular interaction required for thickening (Gibinski et al. 2006) . In dessert sauces like strawberry sauce, starch-xanthan combination is found to be suitable as a thickener. It provides stable sensory and textural properties of the sauces for at least three months. While starch thickener used sauces are most stable on storage; potato starch with 0.12% xanthan gum is a superior thickener (Sikora et al. 2007) .
Besides starch and xanthan, other hydrocolloids used for thickening various food systems are summarized in Table 2 . Guar and locust bean gums are galactomannans having different water solubilities due to the difference in the degree of galactose substitution (Kok et al. 1999) . While guar gum having higher galactose content swells and disperses almost completely in both cold and hot water, locust bean gum (LBG) needs to be heated for complete solubility (Wang et al. 2000; Dunstan et al. 2001) . Viscosity usually ranges from 6000 to 7500 mPas for guar and 3000-3500 for LBG dispersions at 1% solids (Alexander 1999a ). The reason for higher viscosity of guar compared to LBG is the higher molecular weight of guar gum (Casas et al. 2000) .
Carboxymethyl cellulose (CMC), like guar gum, is soluble in either cold or hot water. The concentration, molecular weight and degree of substitution (ds) are important factors for flow behaviour of CMC in aqueous dispersions. Commercial products usually have ds values from 0.7 to 1.5. Dispersions of the gum show shear thinning properties, but products of lower ds are thixotropic and viscosity decreases with increase in temperature (Kulicke et al. 1996; Alexander 1999b) . Other cellulosics include methyl cellulose (MC) and hydroxypropylmethyl cellulose (HPMC). Unlike CMC, they form weak gels on heating when the temperature rises above 52°C for MC and 63-80°C for HPMC. These are mostly used for binding and shape retention in reformed vegetable products like onion rings, potato croquettes and shaped soya protein (Murray 2000) . Another hydrocolloid used as a thickener is gum targacanth. This gum swells rapidly, in either cold or hot water to form highly viscous dispersions, up to 4000 mPas at 1% solids, depending on the grade. The dispersions are shear thinning and possess good yield value (Alexander 1999a) .
Ketchup is one of the most common food items where the hydrocolloid thickeners are used to influence its viscosity. Sahin and Ozdemir (2004) found that addition of LBG, tragacanth gum, guar gum and xanthan gum to ketchup resulted in greater shear thinning properties while CMC showed marginal effect. Consistency index and apparent viscosity increase with the addition of all hydrocolloids, but the increase is highest with the addition of guar and LBG, followed by xanthan and tragacanth and the least with CMC. Koocheki et al. (2009) found that though guar gum produced higher apparent viscosity in tomato ketchup as compared to xanthan and CMC, the yield stress is higher for ketchups with xanthan and CMC but lower after addition of guar gum.
The rheological properties and quality of rice cakes formulated with different gums have also been studied (Turabi et al. 2008) . HPMC containing rice cake batters produced lowest apparent viscosity while xanthan and xanthan-guar gum blend containing batters produced highest apparent viscosity. Casson yield stress was lowest for HPMC containing batters. Except HPMC, other gums like xanthan, guar gum and LBG increased the emulsion stability of the cake batter. Gum arabic (Acacia gum) is widely used in the food industry mainly to impart desirable qualities because of its influence over viscosity, body and texture. Mainly it is used as an emulsifier in beverage emulsions (Buffo et al. 2001) . It is a low viscosity gum and has been found to produce low viscosity at 30% concentration compared to 1% xanthan or CMC at low shear rates . Mothe and Rao (1999) in their study on the rheological behaviour of aqueous dispersions of gum arabic have found that dispersions of the gum (4-50%, w/v) exhibit shear-thinning characteristics at low shear rates (<10 s −1 ) and Newtonian plateaus at shear rate above 100 s −1 . The infinite shear rate viscosity (η α ) however, is found to increase with increasing concentration of gum.
Process of thickening
The application of a hydrocolloid depends on the knowledge and understanding of the process of thickening-an important role of any hydrocolloid. The functional roles of food hydrocolloids are (a) thickening, which involves nonspecific entanglement of conformationally disordered chains, and (b) structuring/gelling, which involves specific inter-chain association in conformationally-ordered junction zones (Philips et al. 1986 ).
The question that arises is how hydrocolloids thicken solutions. The viscosity of polysaccharide dispersions arises predominantly from physical entanglement of conformationally disordered 'random coils'. In dilute dispersion, the individual molecules of hydrocolloids can move freely and do not exhibit thickening. In concentrated system, these molecules begin to come into contact with one another; thus, the movement of molecules becomes restricted. The transition from free moving molecules to an entangled network is the process of thickening. Thus, hydrocolloid thickeners can be considered as entanglement of network producers. In cases where no enthalpic polymer-polymer interactions are observed, thickening properties are associated with molecular weight and concentration of the hydrocolloid (Sworn 2004) .
Intrinsic viscosity is an important parameter used to compare the viscosities of dispersions of hydrocolloids. The intrinsic viscosity (η) is directly related to the molecular weight of the hydrocolloid and is given by the well known Mark-Houwink equation (Eq. 1).
where, M is the molecular weight and K and α are the parameters of Mark-Houwink equation. Hence, higher the molecular weight of a polymer, greater will be the intrinsic viscosity produced by it in aqueous medium. The polysaccharide concentration at which the sharp change in viscosity occurs is referred to as the critical overlap concentration and is denoted by C*. The onset of entanglement for a wide range of neutral and charged polysaccharides is found to occur when C[η] ≈ 4 (i.e., C* ≈ 4/[η] ). In other words, the higher the molecular weight of the polysaccharide, the lower the concentration at which C* is exceeded. Polysaccharide dispersions below C* will typically exhibit near Newtonian steady shear flow and the increase in the viscosity of the dispersion is roughly proportional to the number of molecules present. Above C* entanglement dispersion networks will exhibit shear thinning meaning that apparent viscosity decreases with increasing shear rate . At low shear rates, the rate of disruption of entanglements is slower than or equal to the formation of new entanglements and thus exhibits Newtonian flow. The viscosity during this time is known as the zero-shear viscosity. As shear rate is increased, the rate of disruption also increases and exceeds that of formation. At this point, viscosity begins to decrease sharply as a function of shear rate. Again at very high shear rates, no further disruption can take place and the system once again exhibits Newtonian flow; this is called infiniteshear viscosity (Sworn 2004) . The viscosity of hydrocolloid dispersions is also influenced by the polymer hydrodynamic volume. It increases with molecular mass, chain rigidity and electrostatic charge density, and is greater for linear compared to branched polysaccharides. Thus, amylose will have a higher intrinsic viscosity than amylopectin.
Starch is the most commonly used hydrocolloid thickener, and is used both in the native and modified forms (Babic et al. 2009 ). Cold water does not dissolve starch but as the water is heated, it gradually penetrates the granules causing them to swell up. Thus, a marginal thickening occurs at this stage, and finally near the boiling point, the starch granules burst and release the inner components into the liquid and marked thickening occurs. Other gums are often added to starch to improve the texture and mouthfeel.
Gels and gelling agents
Gels may also be defined as a form of matter intermediate between solid and liquid and show mechanical rigidity (Aguilera 1992) . They consist of polymer molecules crosslinked to form tangled and interconnected molecular network immersed in a liquid medium, which in food system is water (Oakenfull 1987) . Food technologists use the word 'gel' for high moisture foods that more or less retain their shape when released from their container. However, the most commonly used definition of gel is a rheological one, obtained from dynamic viscometry. According to this definition, a gel is a viscoelastic system with a 'storage modulus' (G′) larger than the 'loss modulus' (G″) (de Vries 2004) . Hydrocolloids form gels by physical association of their polymer chains through hydrogen bonding, hydrophobic association and cation mediated cross-linking and differ from synthetic polymer gels, which normally consist of covalently cross-linked polymer chains. Hence, hydrocolloid gels are often referred to as "physical gels" .
Though all hydrocolloids thicken aqueous dispersions, only a comparatively few gums form gels. Also the gels thus formed vary widely in gel character and texture. Hence, knowledge of the conditions required for gelling of particular hydrocolloid dispersion, the characteristics of the gel produced and the texture it confers are very important aspects to design a specific food formulation. The important gums that find application in food as gelling agents include alginate, pectin, carrageenan, gellan, gelatin, agar, modified starch, methyl cellulose and hydroxypropylmethyl cellulose. The gel characteristics of some of the important gelling agents are summarized in Table 2 (Williams 2006 ).
Process of gelling
The formation of gel involves the association of randomly dispersed polymer segments in dispersion in such a way so as to form a three-dimensional network that contains solvent in the interstices. The associated regions known as 'junction zones' may be formed by two or more polymer chains. The gelation process is essentially the formation of these junction zones (Oakenfull 1987) . Hydrocolloid gelation can involve a hierarchy of structures, the most common of which is the aggregation of primary inter-chain linkages into "junction zones", which form the basis for the three dimensional network characteristic of a gel. The physical arrangement of these junction zones within the network can be affected by various parameters like temperature, presence of ions and inherent structure of hydrocolloid. For the gelation of hydrocolloids, the three main mechanisms proposed are ionotropic gelation, cold-set gelation and heat-set gelation (Burey et al. 2008) .
Ionotropic gelation occurs via cross-linking of hydrocolloid chains with ions, typically a cation mediated gelation process of negatively charged polysaccharides. Examples of such systems are alginate, carrageenan and pectin (Draget 2000; Imeson 2000; May 2000) . Ionotropic gelation is carried out by either diffusion setting or internal gelation. In cold-set gelation, hydrocolloid powders are dissolved in warm/boiling water to form a dispersion which on cooling results in enthalpically-stabilized inter-chain helix to form segments of individual chains leading to a three dimensional network. Agar and gelatin form gel by this mechanism (Glicksman 1982) . Heat set gels require the application of heat to gel (eg, curdlan, konjac glucomannan, methyl cellulose, starch and globular proteins). It is usually only where heat setting is required in foods (eg, the use of starch in sauces). Heat setting mechanism occurs by unfolding/expansion of native starch/protein and their subsequent rearrangement into a network (Nishinari and Zhang 2004) .
Role of junction zones in gelling
Junction zones play a very important role in the gelling process of hydrocolloids (de Vries 2004) . They also markedly influence the characteristics and functional behaviour of a particular gel. The number of molecules that form a junction zone is an important gel property determinant. During gelatin, junction zones are formed by three molecules through hydrogen bonding. In κ-carrageenan, six to ten molecules form a junction zone, whereas in ί-carrageenan only two molecules are involved. More the number of molecules in the junction zone, more rigid will be the gel. Hence, the multi-molecule junction zones of κ-carrageenan are more rigid and less easily rebuilt when disturbed by shearing force whereas ί-carrageenan gels have much more flexible textures and are less sensitive to shearing. The number of junction zones and number of molecules in the junction zones and the flexibility of the interrupting segments are important for the characteristics of a set gel. The junction zones of ί-carrageenan and alginate consist of two molecules, but ί-carrageenan gels can sustain more deformation before they break compared to alginate gels of almost the same strength. The thermal behaviour of gels also differs because of the junction zones. Gelatin melts at much lower temperature because the junction zones are only bound by weak hydrogen bonds. On the other hand, it is possible to make alginate gels that do not melt on boiling because of the strength of calcium bridges in the junction zones. One of the major factors influencing the strength of junction zones is their length. Calcium bridging is cooperative, i.e., the bond strength increases more than proportionally with junction zone length. Solvent quality is also another important factor. Hydrogen bonds in high methoxy pectin gels can only be formed if the water activity is sufficiently reduced by addition of sugar.
There are various types of junction zones in polymer gels like stacked double helix junctions in carrageenans, partly stacked triple helices in gelatin and 'egg-box' junction in alginate. In most polymer gels, the junction zones contain a substantial proportion 30% of the polymer material, (Walstra 2003) . Various factors affect gel formation by hydrocolloids which include concentration of the gelling agent, pH of the medium, molar mass/degree of polymerization, temperature, ionic composition and solvent quality (Walstra 2003) . Typically used gelling concentrations of different hydrocolloid gelling agents in food are summarized in Table 3 .
In addition to having knowledge of the factors that affect gel formation by hydrocolloids, it is also necessary to characterize the gels formed by them. Microstructural and rheological characterizations are generally done and are often followed by sensory evaluation. Rheological characterization of gels involves characterizing a gel on the basis of various parameters like modulus of elasticity, yield stress, shear modulus, storage and loss modulus, complex viscosity, gel strength and compliance. These parameters are usually determined by conducting tests like compression test, dynamic oscillatory rheometry, creep and texture profile analysis, etc. by employing instruments like universal texture measuring system, controlled stress rheometer. Not only the measurement but also studying the influence of gel forming conditions on the attributes and characteristics forms an indispensable part of the study on gels. These studies, in turn, help in the formulation of food products, wherein hydrocolloids are incorporated as gelling agents. For example, the effect of addition of sucrose and aspartame on the compression resistance of hydrocolloid gels namely, κ-carrageenan gel, gellan gel and κ-carrageenan/locust bean gum gel has been studied (Bayarri et al. 2006) . Addition of sucrose results in an increase of true rupture stress in all these gels. However, addition of aspartame at low concentration does not affect the textural compression parameters. In addition, the main factors determining the gel sweetness are related with mechanical properties of gel like gel strength, rupture stress, rupture strain and particularly with the amount of deformation required to break the network and with its resistance to deformation (Bayarri et al. 2003) . Besides, co-solutes like sucrose, concentration of hydrocolloid, shear rate and temperature are also important variables that influence the rheological status of hydrocolloid gels (Marcotte et al. 2001 ).
The non-gelling agents (eg, xanthan and guar gum), and gelling agents (carrageenan and locust bean gum) are commonly combined to achieve increased viscosity or superior properties of food gels, such as higher elasticity (Nussinovitch 1997) . The blending of different polysaccharides offers an alternative route to the development of new textures. The major interest lies in the development of synergistic mixtures with improved or induced gelation.
Both xanthan and galactomannans do not form gels when used singly. But together, they form gels because of synergistic interactions. The mixture of xanthan and galactomannan is one of the oldest and most extensively studied synergistic gelling systems. Xanthan shows quite spectacular synergistic interactions with other non-gelling polysaccharides of galactomannan family leading to increase in viscosity (Casas and Garcia-Ochoa 1999) and gel formation (Rodriguez-Hernandez and Tecante 1999) . The distinction between increased viscosity and gelation lies on the mannose-galactose ratio of the galactomannan (Morris 1998) . Xanthan-guar mixtures exhibit synergistic increase in viscosity as do low concentration mixtures with locust bean gum (<0.03%). At higher concentrations, soft and elastic gels are formed with locust bean gum (LBG). Xanthan gum-LBG gel is thermally reversible and it melts between 55 and 60°C while dispersions of xanthan-guar mixtures can be gelled at room temperature. Mixtures of xanthan and LBG require heating to 90-95°C. The interaction of xanthan gum with galactomannan is dependent on the ratio of the mixture, pH and ionic environment. Optimum gum ratios are 80:20 for guar gum: xanthan gum and 50:50 for LBG: xanthan gum. Generally, the synergistic interaction with galactomannans is at its maximum in deionised water at neutral pH and it gets reduced at high salt concentrations and low pH (Sworn 2000) .
Xanthan possesses a synergistic interaction with konjac glucomannan (KGM) during gel formation. Their synergism produces thermoreversible physical gels at neutral pH. Best synergism is obtained when konjac to xanthan ratio is 70:30 (w/w) (Toba et al. 1987) . Mixtures of xanthan and KGM are reported to produce 'melt-in-the-mouth' gels having texture similar to that of gelatin. Hence, they provide a useful replacement in applications where 'meltin-the-mouth' characteristics are important for product quality and where moderate acidity is acceptable or necessary (e.g., fruit jellies) (Agoub et al. 2007 ). Kappa-carrageenan is a gelling agent, the synergistic interactions of which, with other hydrocolloids have been exploited in several food formulations. Hot dispersions of κ-carrageenan-locust bean gum form strong elastic gels with low syneresis when cooled below 50°C. The maximum interaction, and hence, peak rupture gel strength occurs at ratios between 60:40 and 40:60 of κ-carrageenan to locust bean gum. These polymer combinations are used in large quantities in cooked meats and in gelled pet foods. κ-Carrageenan and clarified locust bean gum mixtures can also be used for glazing of cake or they can be formulated to give clear water dessert gels with an elastic cohesive gel texture like gelatin. A combination of κ-and ί-carrageenan is also able to offer an elastic cohesive gel, which is similar to gelatin in texture. In addition, konjac flour also interacts strongly with κ-carrageenan forming strong elastic gels having rupture strength four times higher than that of κ-carrageenan gel alone (Imeson 2000) .
However, the most important synergistic interactions of κ-carrageenan as a gelling agent is observed in milk gels where it interacts with milk proteins particularly casein (Puvanenthiran et al. 2003; Shchipunov and Chesnokov 2003) . Also interactions between κ-carrageenan, milk proteins and modified starch in sterilised dairy desserts have been studied, wherein modified starch imparts a large influence on the complex modulus of the gel (Verbeken et al. 2006 ).
Applications of hydrocolloids as gelling agents
The selection of a particular hydrocolloid to be used in a specific food product depends on the characteristics of gelling agent. For example, alginate can form gels without prior heating because sodium alginate is cold water soluble and these cold-formed gels are heat stable. This makes alginate a preferred gelling agent for re-structured foods and for cold-prepared instant bakery custard that are bakestable (de Vries 2004). The rapid setting behaviour of alginate gels is also important in restructured foods that are diffusion-set (Draget 2000) . Alginates as gel forming agents find applications in restructured fruits and vegetables, restructured fish and meat, puddings and desserts, cold prepared bakery creams, fruit preparations and bakery jam (Onsoyen 1992) . In icings and toppings, fruit pie fillings and table jellies alginates are used but they are incompatible with milk, except in the presence of calcium sequestrants.
Carrageenan is a hydrocolloid that finds maximum application in dairy desserts like puddings, milk shakes, ice cream and chocolate milk because of its ability to form gels in milk at much lower concentrations compared to any other gelling agent (Puvanenthiran et al. 2003; de Vries 2004; Verbeken et al 2004) . Kappa carageenans form gels in milk at much lower concentrations because of the electrostatic interaction between positively charged region of κ-casein and negatively charged sulphate group of κ-carrageenan that results in increased milk reactivity (Snoeren et al. 1975 ). Use of carrageenan in tofu (soybean curd) significantly decreases the hardness of tofu when calcium sulphate and calcium acetate are used. At low concentration (2 g/l), carrageenan increases the water holding capacity of soybean protein gels (Abd Karim et al. 1999) . The other important application of carrageenan is in injected meat, in which only carrageenans can be dispersed in brine without too high viscosity and simultaneous gel formation when the ham has been cooked (de Vries 2004) . Because of the clarity of carrageenan gel and high gelling temperature, it is valued in the preparation of cake glazes and water dessert gels. In addition, the firm and quick setting behaviour of carrageenan gels is made use of in processed cheese systems (Thomas 1992) . Synergistic carrageenan-locust bean gum combinations are being used in table jellies and low sugar, low-acid fruit gels, in which carrageenan has the advantage over pectin that it dissolves well in sugar solutions, whereas pectin has to be pre-dissolved in water. However, under acidic conditions (pH<4), carrageenans require high temperatures for degradation while pectins are acid-stable (de Vries 2004) .
Commercial pectin finds maximum applications in jams and jellies. This is because pectins, especially high methoxyl pectins require >55% sugar solids for gelling. Pectins are the most preferred gelling agents for acidic fruit gels because of being acid stable. To overcome the limitation of high methoxyl pectin, low methoxyl pectins (both commercial and amidated types) are used in the preparation of reduced sugar jams and jellies. Low methoxyl pectins are also used for the production of glazes in bakery industries. Other applications of pectin include desserts, both water gels and milk based gels. Milk and milk products can easily be gelled with low methoxyl pectin because they contain calcium; milk desserts and gelled or thickened milk products like yoghurts can be prepared.
Gelatin exhibits a wide range of functional properties. It can be used as a gelling agent in jellied confectionery (Jones 1977) . Gelatin gels melt at relatively low temperature (meltin mouth), and they are slow-setting; all these features make gelatin the preferred gelling agent in yoghurt products, lowfat spreads and sugar confectionery. Marshmallow, an aerated gelled confectionery, uses gelatin as gelling agent for its elasticity and clarity; clarity of gelatin is also the main reason for its use in table jellies (de Vries 2004) . Gelatin has also been used in flavoured gelled milk desserts, either alone or in combination with carrageenan, and also in dessert creams. In dessert creams, it is used to achieve a smooth gel texture (Poppe 1992) .
The food applications of agar are in the areas like bakery products, confectionery, Japanese desserts and confections, meat, fish and poultry products, dairy products, ice cream, peanut butter and beverages. The high melting point of agar gels is improved by the addition of salts. Agar is used in baked goods where it is superior to carrageenans and far superior to gelatin. Agar is also widely used as a gelling agent in jelly confections including traditional Japanese food items and confections like Yokan, Mitsumame, Tokoroten etc (Uzuhashi and Nishinari 2003) . Agar is also used at levels of 0.5-2% to gel canned meat, fish and poultry products (Stanley 2006) .
Gellan gum is unique in the spectrum of gelling agents used in food applications. Rapid setting behaviour, low use level, sparkling clarity of the gel and good flavour release are some of the attributes that make gellan as a preferred gelling agent for food products (Valli and Miskiel 2001) . It is also used in bakery fillings as partial starch replacement to increase flavour release, in water based dessert gels because of its good clarity and adequate thermal stability. It can also be combined with xanthan or LBG to produce ready-to-eat (RTE) dessert gels. Deacylated gellan gum is used to improve moisture retention, flavour release and storage stability in puddings and to reduce syneresis (Sworn 2000) . The fluid like behaviour of gellan gum at low concentrations (Sworn et al. 1995) may be utilized for the preparation of 'fluid-gels' which are useful in various beverage dispersions. Gellan gum also acts as a very good stabiliser in reconstituted vegetable juice (Liang et al. 2006) .
Rheology of thickeners and gels
Characterisation of gels forms an essential part in the study of thickened dispersions and gels formed by various hydrocolloid gelling agents. Characterisation may involve rheological characterization, structural characterization, microscopic characterization and molecular characterization employing different instruments like viscometers, rheometers, texture measuring systems, differential scanning calorimeters, scanning electron microscope, atomic force microscope, NMR and NIR. Among these, rheological characterisation of sample is most important and generally performed practice since it correlates to the textural attributes of the product, which, in turn, determines its sensory characteristics and consumer acceptability.
In rheological terms, thickened dispersions and gels are viscoelastic materials. They simultaneously exhibit some of the elastic properties of an ideal solid and some of the flow properties of an ideal liquid. Various parameters like apparent viscosity, shear stress, modulus of elasticity, yield stress, shear modulus, storage and loss modulus, complex viscosity and loss angle are used to describe the characteristic rheological behaviour of these food systems.
The rheological behaviour of food products involving hydrocolloids has been studied extensively in both time and frequency domains, using small stress and strain regimes. However, during processing, manufacture and consumption of foods, these systems are subjected to large deformations. Hence, rheological measurement of thickened dispersion/ gel has been broadly categorized into small deformation and large deformation testing. These two types of tests give complementary information that does not necessarily correlate. Small deformation testing generally investigates viscoelastic parameters. The most commonly used parameter to describe the rheological behaviour of gels is shear or Young's moduli determined in the so-called linear region (ie, the strain region where the stress required to deform a material is proportional to the strain). These moduli values are independent of the geometry of both the measuring system and the gel sample; consequently these are invaluable for comparing the elasticity of gelling systems. Large deformation tests, on the other hand, are used to measure shear stress, yield stress, apparent viscosity, strain and failure properties of the product.
In general, the rheological test methods for the assessment of gel characteristics can be grouped into three types namely, fundamental, imitative and empirical. Each has certain advantages and a few limitations.
Fundamental methods Fundamental small deformation tests involve dynamic oscillatory rheometry, creep test and stress relaxation test. In dynamic oscillatory rheometry, the sample is subjected to an oscillatory stress-strain of frequency. The parameters of gel that are measured are storage modulus (G′), loss modulus (G″) and loss/phase angle (δ). Storage modulus (G′) is a measure of the energy that is stored elastically in the gel structure during a periodic application of stress and the loss modulus (G″) is a measure of the energy dissipated or the viscous response. Their ratio tan δ (equal to G″/ G′) gives a measure of how much the stress and strain are out of phase with each other. Gels, being viscoelastic in nature, tan δ <1 i.e., δ <90°. These parameters are very important for the rheological characterization of gels. Essentially, solid characteristics are denoted by G′ while G″ indicates liquid characteristics. For weak gel, G′>G″, and thus junction zones can be readily destroyed even at very low shear rate and the network structure is destroyed. For strong gel, G′ >>G″, and both are independent of frequency; lower tan δ values (<0.1) are observed in this case. Another parameter that gives the overall response is the complex modulus (G*). Its value is given by the formula
Another important test is the creep test. In a creep experiment, a constant stress is applied and the corresponding strain γ t is measured as a function of time. Gel, being a viscoelastic material, responds to the creep test with a nonlinear strain. The important property measured during creep test is the ratio of strain to stress as a function of time, and is referred to as the creep compliance. It describes how compliant a material is; the greater the compliance, the easier it is to deform the material.
Stress relaxation is another important study in the rheology of food. If a gel sample is deformed by a fixed strain and held there over a long time interval, the stress required to maintain this constant strain will gradually decrease due to relaxation of the sample. The sample under testing will only partially recover its original geometry. The relaxation modulus is an important rheological property measured during stress relaxation. It is the ratio of the measured stress to the applied initial strain. Fundamental rheological properties determined at large deformations include fracture, failure and rupture stress/strain. These parameters are usually determined by constant speed experiments such as uniaxial compression and uniaxial tension performed on texture measuring systems. Compression test and tensile tests are generally performed in this study.
Empirical methods Compression (or penetration) tests constitute the basis of many small-deformation empirical tests used to measure gel strength. The most common parameter used to measure gel quality is gel strength. The choice of instrument for gel measurement will depend on whether a single-point or multi-parameter analysis. It is governed by factors like high-speed data acquisition, precision and accuracy of results. Large-deformation empirical tests are used to measure another parameter of gels known as rupture strength i.e., the force required to break the sample.
Imitative methods The single point measurements, often based on rupture tests, are not representative of the overall mechanical behaviour of gels. A much more comprehensive understanding of gel texture is obtained by analysis of the force-deformation curve generated by compressing a gel sample using a texture measuring system. This instrumental technique is known as texture profile analysis. It is a technique based on compression of free-standing gels twice in succession and is capable of providing both fundamental and empirical data on the mechanical properties of gels. It has the advantage of providing data at both low and high strains allowing gels to be characterised by multiple parameters. These include modulus, hardness, brittleness, adhesiveness, elasticity/ springiness, and cohesiveness.
The flowable materials like thin and thick dispersions are conventionally examined employing a viscometer or rheometer. Generally, the shear rate-stress data are collected over a wide range along with the measurement of apparent viscosity, yield stress, zero-shear and high-shear viscosities. A number of available rheological models are used to calculate model parameters like consistency index and flow behaviour index and these parameters help in the characterisation of the samples.
Conclusions
As an important food additive, hydrocolloids are finding increasing applications in several food products as thickening and gelling agents. The thickening effects are mainly provided by carboxymethyl cellulose, methyl cellulose and hydroxypropylmethyl cellulose, guar gum, locust bean gum, tara gum, konjac maanan, gum tragacanth, gum ghatti and gum Arabic. The frequently used gelling agents include modified starch, agar, carrageenans, pectins, gellan gum, alginates and methyl and hydroxypropylmethyl celluloses. The role of each hydrocolloid in food formulations and product development has been discussed along with examples and methods of characterisation to indicate the increasing use of hydrocolloids as an important food additive.
